INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death in the United States (1).
Metabolic syndrome (MetS) is defined as the clustering of factors associated with elevated CVD risk, including glucose intolerance, dyslipidaemia, hypertension, and central adiposity (2) .
Estimated to affect over 34% of American adults (1), MetS is designated as a secondary target of coronary heart disease risk-reduction therapy after the primary target, LDL cholesterol (3).
"Cardiometabolic syndrome" is a relatively new term that describes the clustering of factors that influence CVD and type 2 diabetes risk (4) . Cardiometabolic syndrome has been established to be a complex condition of multifactorial etiology (5) , however the relative influence of genetic and environmental factors on components of cardiometabolic syndrome remains ambiguous.
The relative influence of genetic factors is expressed as heritability, which is the proportion of total phenotypic variance in a given trait that is attributable to genetic variation (6) .
A number of studies have estimated the heritability of components of cardiometabolic syndrome, but these estimates vary widely. For example, heritability estimates range from 39-76% for waist circumference (7-13), 8-51% for fasting insulin (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , 7-77% for fasting glucose (11-13, 16, 19-24) , 8-59% for insulin resistance assessed by the homeostatic model assessment of insulin resistance (HOMA-IR) (12, 13, (19) (20) (21) (22) (23) (25) (26) (27) (28) , 20-66% for diastolic blood pressure (11, 12, 18, (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) , 8-72% for fasting total cholesterol (12, 29, 30, (38) (39) (40) (41) (42) , 60% for fasting VLDL (20) , 31-68% for fasting LDL (12, 19, 22, 29, 30, 38, 41, 42) , 21-79% for fasting HDL (11-13, 18-20, 22, 25, 29, 30, 38-42) , and 19-72% for fasting triglycerides (11-13, 18-20, 22, 25, 29, 30, 38, 40, 41) .
Most of these studies have used the "classical twin study" comparing monozygotic (MZ) and dizygotic (DZ) twins (7, 8, 10, 15, 16, 18, 23, 27, 29, 30, 34, 36, 38, 39, 41, 42) , which may overestimate the heritability (43) . In contrast, the family and adoption designs used in other studies (9, 11-14, 19-22, 24, 26, 28, 31, 32, 35, 37) may underestimate this variance component (43) . Only five reports have focused on monozygotic twins reared apart (17, 25, 33, 40, 44) , which may provide the least biased estimate of heritability (43) . However, all these studies examined only a small subset of cardiometabolic syndrome components and four used the same population of Swedish twins. In addition, only three articles reported heritabilities of all five MetS components (11) (12) (13) as defined by the Third Report of the National Cholesterol Education Program's Adult Treatment Panel (ATP III) (3) , and only one estimated the heritability of MetS as a syndrome (24%) (11) . Furthermore, few studies have investigated whether clustered components of cardiometabolic syndrome are under the influence of shared genetic and environmental factors (17, 23, 25, 45, 46) . Comparison of results among these studies is difficult because each study investigated a different combination of cardiometabolic syndrome components. The potential shared influences of the ATP III-defined MetS components have not yet been investigated, and such an investigation would provide insight into the etiology of this commonly-referenced syndrome.
The objectives of this study were to quantify genetic and environmental influences on cardiometabolic syndrome components, and to investigate whether MetS components share common genetic and environmental influences. This work was part of the Tufts Twin Study, a cross-sectional investigation of the heritability of energy regulation measures in a population of monozygotic twins reared apart (MZAs) or reared together (MZTs).
MATERIALS AND METHODS
Subjects
Subjects were 157 adult men and women, aged 18-76 years, who participated in the Tufts Twin Study at the Jean Mayer U.S. Department of Agriculture Human Nutrition Research Center on Aging (HNRCA) at Tufts University. They included 78 monozygotic twin pairs who were either reared apart since near birth (29 pairs) or reared together (49 pairs), and one singleton monozygotic twin whose reared-together twin did not participate in the study. The singleton twin was included in data analyses because singleton data may reduce biases due to non-random ascertainment (47) . Participants were healthy without any major medical condition, including diabetes, active cancer, heart disease, cachexia, eating disorders, AIDS, psychiatric disorder, pregnancy, or recent weight change. MZAs were recruited through their participation in the Minnesota Study of Twins Reared Apart at the University of Minnesota [25] and lived in North America, Europe (United Kingdom, The Netherlands, Germany and Poland), South Africa, or Australia. MZTs were recruited by advertisements in the New England area. A few MZTs were from other parts of the United States, Canada, and Germany. Subjects were reimbursed for travel expenses and given a stipend for their participation in the study. The protocols were approved by the Institutional Review Board at Tufts University and all subjects gave written and informed consent.
Protocol
Each subject was admitted to the Metabolic Research Unit at the HNRCA for approximately four days of observation and completed a variety of examinations and questionnaires concerning energy intake, expenditure, and regulation. Subjects from overseas spent a week in Minnesota prior to travel to Boston, which allowed for recovery from jetlag.
During the 4-day inpatient study at Tufts, subjects slept and ate all meals in the research center.
Assessments were made in the areas of anthropometry, blood pressure, fasting plasma lipids, glucose, and insulin.
Non-laboratory assessments
Body weight and height were measured to the nearest 0.01 kg and 0.1 cm, respectively, on each of the four study days. Mean body weight and height were used to determine body mass index (BMI), calculated as weight/height 2 (kg/m 2 ). Waist circumference was measured to the nearest 0.05 cm. Systolic and diastolic blood pressures were measured by aneroid sphygmomanometer under standardized conditions.
Laboratory assessments
Blood samples taken after a 12-hour supervised overnight fast were collected and assayed for total cholesterol and triglyceride with an Abbott Spectrum analyzer using enzymatic reagents from Abbott Diagnostics (Dallas, TX) (48) . HDL cholesterol was measured in the supernatant fraction after precipitation of apolipoprotein (apo) B-containing lipoproteins using dextran sulfate magnesium (49) . LDL cholesterol concentrations were estimated using the Friedwald formula (LDL cholesterol = total cholesterol -HDL cholesterol -triglyceride/5) (50). LDL cholesterol concentrations were determined directly when triglyceride concentrations exceeded 400 (mg/dL (Olympus America Inc., Melville, NY). Lipid assays were standardized through the Lipid Standardization Program of the Centers for Disease Control and Prevention (CDC), Atlanta, GA. Fasting blood glucose concentrations were determined using a coupled enzyme assay (50) , and plasma insulin using a competitive binding radioimmunoassay (51) . HOMA-IR was calculated ((mg/dL) × insulin (µU/mL) / 405) to quantify insulin resistance (52) .
Statistical Analysis
Descriptive statistics were calculated using SAS 9.1 (53) . To obtain normal or nearnormal distributions, certain variables were transformed using a natural log transformation (weight, BMI, systolic blood pressure, fasting plasma glucose, fasting plasma insulin, HOMA-IR, total cholesterol, VLDL, LDL, and triglycerides) or a Blom transformation (waist circumference). Log transformed variables were then multiplied by 100 to increase the variance, which facilitated model-fitting analyses.
Intrapair Correlations Intrapair (intraclass) MZA and MZT correlation coefficients were calculated as a measure of within-pair similarity using SPSS 15.0 (54). MZA intrapair correlations provide a simple estimate of heritability, because their covariance consists solely of the genetic component of variance (6) . However, this technique of heritability estimation is inferior to model-fitting analyses because it may lead to nonsensical estimates of heritability, it does not easily generalize to multivariate genetic factor models, it is inefficient when there are missing data, and it does not optimally combine data from multiple groups (55).
Model-Fitting Analyses
Model-fitting analyses are based on the decomposition of variance into genetic (G), common or shared environmental (C), and unique or non-shared environmental (E) components. Genetic variance (V G ) is caused by differences in genes between individuals. Common environmental variance (V C ) is due to environmental factors responsible for resemblance between family members, while unique environmental variance (V E ) is due to environmental factors that contribute to differences between family members (6). Unique environmental variance comprises any variance that is not due to genetic or common environmental factors, including variance due to measurement error. Total phenotypic variance (V P ) can be represented as V P = V G + V C + V E . Heritability is defined as the proportion of total phenotypic variance in a given trait that is attributable to genotypic variance (6) .
In the present study, variance decomposition is applied in the MZA/MZT design, where it is assumed that all monozygotic twin pairs share 100% of their genetic material. MZT pairs share all common environmental factors (such as parents, siblings, home, and economic factors), and MZAs do not correlate for these common environmental effects. That is, it is assumed that MZAs are placed in homes selected at random from the population. These relationships can be (56) . Note also that any genetic effects of assortative mating contribute to V G and that differences in methylation within a twin pair contribute to V E .
Model-fitting analyses were performed using Mx, a structural equation modeling software package (57) . Mx fits the MZA/MZT GCE model to the raw observed data. It estimates parameters using maximum likelihood, and computes goodness-of-fit statistics based on minus twice the natural logarithm of the likelihood (-2lnL). Likelihood ratio tests (LRT) are used to test hypotheses, because under certain regularity conditions, the difference in -2lnL
between nested models (which differ because one or more parameters are constrained to equal each other or specific values) is asymptotically distributed as chi 2 with degrees of freedom (df) equal to the difference in the number of free parameters in the two models. However, under the null hypothesis that a variance component is zero, the likelihood-ratio test is distributed as a 50:50 mixture of chi 2 with 1 degree of freedom, and zero (58, 59) .
Univariate analyses were performed on 14 variables to estimate the proportion of variance due to G, C and E. The variables analyzed were: weight, height, BMI, waist circumference, systolic blood pressure, diastolic blood pressure, fasting plasma glucose, fasting plasma insulin, HOMA-IR, total cholesterol, VLDL, LDL, HDL and triglycerides. Age and gender were included in the analyses as covariates.
Multivariate analysis was used to investigate how genetic and environmental factors influence the components of the ATP-III-defined MetS (3). Several multivariate GCE models were fit to the five components of MetS: waist circumference, fasting plasma glucose, triglycerides, HDL, and blood pressure. Of the two measures of blood pressure, only diastolic blood pressure was included in the analysis to avoid overemphasis on blood pressure. Diastolic blood pressure was chosen because it showed greater correlations with the other MetS components, compared to systolic blood pressure (data not shown). Age and gender were included in the analysis as covariates. The following series of standard models was used; each represents a different possible set of relationships between the observed variables and the latent factors: Cholesky decomposition; independent pathway; one-, two-and three-factor common pathway (47) . In addition, a hypothesis-driven model was considered. These models were compared on the basis of likelihood and parsimony to determine the model with the best fit to the data. The difference in likelihood was assessed by calculating the difference in -2lnL between models. Parsimony was assessed by Akaike's Information Criterion (AIC), which may be computed as -2lnL -2df, where the more negative value indicated the most parsimonious model.
The hypothesis-driven model is based on established correlations between the components of MetS. Visceral adiposity has been shown to be associated with an increase in fasting plasma glucose, as well as an increase in triglycerides and decrease in HDL, and an increase in blood pressure (60) . It has also been shown that an increase in triglycerides is associated with a decrease in HDL, independent of waist circumference (61) . Therefore, in the hypothesis-driven model, a common latent factor (Latent Factor 1, Figure 3 ) is depicted as potentially influencing all five observed variables and another common latent factor (Latent Factor 2, Figure 3 ) is depicted as potentially influencing only the lipid measurements. Similar to the independent and common pathway models, specific latent G, C, and E factors are modeled for each of the observed variables, to capture any variance that could not be explained by the common latent factors.
RESULTS
The majority of the subjects were female (72% of MZAs and 76% of MZTs) and Mean values of body weight, BMI, waist circumference, systolic and diastolic blood pressure, plasma glucose and insulin, HOMA-IR, plasma total cholesterol, plasma VLDL cholesterol, plasma LDL cholesterol, and plasma triglyceride concentrations were statistically significantly higher for MZAs compared to MZTs, but not after the data were adjusted for age (Table 1) .
MZT intrapair (intraclass) correlations were greater than MZA intrapair correlations for body weight, BMI, waist circumference, and systolic and diastolic blood pressure, suggesting that common environmental factors play a role in these phenotypes ( Table 2) . MZA intrapair correlations are a simple estimate of heritability, showing significant estimates for cardiometabolic syndrome components ranging from 46% for plasma insulin to 82% for total cholesterol concentrations. However, as previously noted, this technique of heritability estimation is not as reliable as model-fitting analyses (55) .
All components of cardiometabolic syndrome were found to have a statistically significant heritability (Figure 2 , confidence intervals reported in Table 3 ). Heritability estimates of the plasma lipid variables (total, VLDL, LDL and HDL cholesterol, and triglyceride concentration) were higher (56-77%) than heritability estimates of blood pressure (38-45%) and glucose and insulin measures (43-52%). The proportion of variance due to unique environmental influences factors (which is perforce statistically significant because the likelihood of the data approaches zero in the limit as the estimate of E does) ranged from 13% for weight to 38% for diastolic blood pressure. The proportion of variance due to common environmental influences was found to be statistically significant for waist circumference (23%), systolic blood pressure (30%), and plasma glucose (42%).
Multivariate analyses were conducted to examine the extent to which components of MetS share common genetic and environmental influences. MZA and MZT variances, covariances, and correlations are shown in Table 4 for the five components of MetS. Table 5 shows goodness-of-fit data for the six models tested for the MetS multivariate analysis. The common pathway, the two-factor common pathway and the hypothesis-driven models were similarly parsimonious (AIC of 3550.4, 3549.3 and 3550.1, respectively). Nevertheless, the hypothesis-driven model was chosen as the best model because it was the most biologically plausible.
A path diagram for the multivariate analysis of MetS components is shown in Figure 3 .
Standardized parameter estimates are indicated along the paths, with 95% confidence intervals reported in parentheses. The paths depicted as bolded lines were statistically significant. A common latent factor that was statistically significantly influenced by genetic and common environmental factors was found to statistically significantly influence waist circumference, plasma glucose, plasma triglycerides, and diastolic blood pressure. Another common latent factor was found to statistically significantly influence plasma triglycerides and HDL cholesterol concentrations. Additionally, waist circumference and plasma glucose were statistically significantly influenced by specific genetic and environmental factors, while diastolic blood pressure was statistically significantly influenced only by a specific unique environmental factor, and the plasma lipid concentrations were not statistically significantly influenced by specific factors. As a result, most of the variance of plasma triglyceride and HDL cholesterol concentrations, and diastolic blood pressure was explained by the common latent factors, while most of the variance of waist circumference and plasma glucose concentrations was explained by specific latent factors. Estimates of the proportion of variance due to genetic, common environmental, and unique environmental factors derived from the multivariate model are also reported in Figure 3 . These values differ slightly from the univariate estimates because multivariate analyses exploit additional data in the form of covariances between variables, both within-person and across-twins.
DISCUSSION
Although the potential contribution of genetic and environmental influences to cardiometabolic syndrome components has received considerable attention (62), current estimates of the heritability vary widely and are only available for a subset of those components.
Furthermore, despite attempts to identify an underlying pathology of MetS, few studies have examined whether MetS components share common genetic and environmental influences. Our report uses the powerful MZA/MZT study design to examine the influence of genetic and environmental factors on cardiometabolic syndrome components -adiposity, blood pressure, insulin resistance, and plasma lipid and lipoprotein concentrations -and to also investigate the composition of genetic and environmental influences on components of MetS using a multivariate model-fitting method.
In general, in our MZA/MZT cohort, cardiometabolic syndrome components were found to be more heritable than previously reported. This finding may be due to differences in study design or sampling variation. The moderate heritability estimates of the other cardiometabolic syndrome components is also consistent with previous reports of genetic polymorphisms for proteins that impact on obesity, blood pressure or insulin resistance, such as peroxisome proliferator-activated receptor γ (PPARγ), angiotensinogen, and calpain-10, respectively (62, 65, 66) .
The low estimates of environmental influence, and specifically common environmental influence, on cardiometabolic syndrome components present a shift from the previously proposed importance of the environment on CVD risk (67) . For example, a diet high in saturated fat has been shown to raise plasma LDL cholesterol concentrations (68) , and physical inactivity has been associated with lower plasma HDL cholesterol concentrations (69) . The results of our study would suggest that despite these established causal relationships between environmental factors and cardiometabolic syndrome components, genetic variation is still the dominant source of phenotypic variation in these components. This does not, however, rule out the importance of lifestyle modification to lower CVD and type 2 diabetes risk. Our data support the hypothesis that changes in our environment could result in modest yet clinically important improvements in lipid and lipoprotein profiles, insulin sensitivity, blood pressure and body weight, which can lower CVD and type 2 diabetes risk (67).
Results from this study also suggest that environmental influences on cardiometabolic syndrome components appear to be primarily from factors specific to the individual rather than factors shared by family members. Although previous studies have shown that environmental factors such as diet and exercise are shared within families (70, 71) , our results suggest that in adult twins, this early familial environmental influence is overcome by other environmental influences that are specific to the individual. However, for some parameters, common environmental influences may decrease with age as individuals live independently and no longer share a common environment with other household members as they did earlier in life. It is possible that the influence of common environmental factors would be greater in a population of adolescents or young adults compared to an older adult population, such as the twin population used in this study. However, given that cardiometabolic syndrome disproportionately affects older adults, the heritability values reported in this study are most applicable to the population at highest risk.
It is possible that estimates of genetic and environmental effects on cardiometabolic syndrome components in both our study and others could be influenced by the twin intrauterine environment. A shared intrauterine environmental factor could cause a twin pair to be more concordant for a phenotype, but since we made the assumption that MZAs do not share a common environment, this concordance would be attributed to genetic effects and would inflate the heritability estimate. Alternatively, if the intrauterine environment caused a twin pair to be more discordant for a phenotype (for example, if the twins differed in their prenatal nutrient intake), estimates of unique environmental influence would be higher than if the intrauterine environment had no effect. Although this is an important question, it is accepted that knowledge of the intrauterine environmental effects is insufficient to invalidate twin studies (72) .
Correlations between birth weight and adult weight are modest (73, 74) , which suggests that intrauterine effects are unlikely to persist to form a substantial part of adult variation in MetS variables.
Findings from our multivariate analyses suggest that components of the ATP-III-defined
MetS share common influences, although certain components appear to be more closely linked than others. Waist circumference, plasma glucose, plasma triglyceride concentration, and diastolic blood pressure were linked through a common latent factor, which was estimated to be 53% heritable, but was statistically significantly influenced by both genetic and common environmental factors. We speculate that this common factor is related to insulin resistance -a previously proposed underlying cause of MetS (75) . It has been suggested that insulin resistance leads to hyperglycemia by decreasing glucose uptake in muscle (76) , dyslipidaemia (low HDL cholesterol and high triglyceride concentration) caused by an increase of free fatty acids transported to the liver resulting from an increase in adipocyte lipolysis (76) , and hypertension possibly caused by endothelial dysfunction, vascular changes and increased salt sensitivity due to hyperinsulinemia (77) .
Waist circumference and plasma glucose were statistically significantly and predominantly influenced by factors specific to each phenotype, indicating that although they share common influences with the other MetS components, the majority of their influences appear to be distinct. A variety of factors have been suggested to be associated with abdominal obesity independent of total body fatness, including fiber intake, smoking cessation and television watching (78) , which could theoretically not be associated with other MetS components. Although abdominal obesity has been proposed to be an underlying pathology of MetS, the apparently moderate proportion of variance attributed to the common factor may be due to the large number of potential influences on abdominal obesity. Similarly, a variety of influences on plasma glucose, such as menopause and alcohol intake (79, 80) , may also have little influence on other MetS components.
As expected, the plasma lipid measures of MetS (triglycerides and HDL) appear to be closely linked through a common latent factor which was influenced by both genetic and common environmental factors (although the relationships did not reach statistical significance), resulting in a non-statistically significant heritability estimate of 50%. We speculate that this common factor is related to lipid metabolism, and perhaps specifically to the actions of cholesteryl ester transfer protein (CETP), which is involved in the mechanisms linking high plasma triglyceride and low HDL cholesterol concentrations (77) .
The results of this study should be interpreted within the context of several limitations.
First, although the MZA/MZT study design is statistically powerful for assessing the relative influence of genetic versus environmental factors on traits, the sample size of this study is small for genetic epidemiological purposes. Second, our results may not be generalizable to other cohorts since our subjects were predominantly Caucasians living in Western societies. Third, the inclusion of subjects from different Western countries may also limit conclusions, since cultural differences between Western societies may in fact affect results. Fourth, the potential violation of one or more of the MZA/MZT twin model assumptions, which were previously described, could affect results. For example, there could have been selective placement of MZAs into similar families. However, assumptions of the MZA/MZT twin model are standard and can potentially be tested in future studies (56) . Finally, although we assessed the relative contributions of genetic and environmental influences on factors associated with cardiovascular disease and metabolic syndrome, in this study our aim was not to identify the specific influences.
Further research investigating the impact of specific genes and environmental factors on cardiometabolic syndrome components will continue to provide insight into the most successful CVD and MetS therapies.
In conclusion, this study of the heritability of cardiometabolic syndrome components in a unique population of adult MZAs and MZTs found generally higher heritability estimates than previously reported. Plasma lipid and lipoprotein concentrations were found to be highly heritable, and waist circumference, insulin resistance, plasma glucose and insulin, and blood pressure were found to be at least moderately heritable. Multivariate analysis of the components of the ATP-III-defined MetS revealed common influences, which appear to be almost equally affected by differences in genes and the common environment. Waist circumference and plasma glucose were primarily influenced by genetic and environmental factors specific to each phenotype, indicating that these two cardiometabolic syndrome components may be affected by a variety of influences in addition to insulin resistance, a proposed underlying MetS pathology.
Combined, these data suggest that genes play a dominant role in the development of cardiometabolic syndrome components, and that there are common genetic and environmental influences that affect certain cardiometabolic syndrome components, leading to the development of MetS. 
TABLES
